The occurrence of the complete orotic acid pathway for the biosynthesis de novo of pyrimidine nucleotides was demonstrated in the intact cells of roots excised from summer squash (Cucurbita pepo L. cv. Early Prolfic Straightneck). Evidence that the biosynthesis of pyrimidine nucleotides proceeds via the orotate pathway in C. pepo included: (a) demonstration of the incorporation of I14CINaHCO3, I'4Clcarbamylaspartate, and I14CIor-otic acid into uridine nucleotides; (b) the isolation of I14CIorotic acid when I'4CINaHCO3 and I14Clcarbamylaspartate were used as precursors; (c) the observation that 6-azauridine, a known inhibitor of the pathway, blocked the incorporation of early precursors into uridine nucleotides while causing a concomitant accumulation of orotic acid; and (d) demonstration of the activities of the component enzymes of the orotate pathway in assays employing cell-free extracts.
I'4CINaHCO3 and I14Clcarbamylaspartate were used as precursors; (c) the observation that 6-azauridine, a known inhibitor of the pathway, blocked the incorporation of early precursors into uridine nucleotides while causing a concomitant accumulation of orotic acid; and (d) demonstration of the activities of the component enzymes of the orotate pathway in assays employing cell-free extracts.
Regulation of the activity of the orotate pathway by end product inhibition was demonstrated in the intact cells of excised roots by measuring the influence of added pyrimidine nucleosides on the incorporation of I14CINaHCO3 into uridine nucleotides. The addition of either uridine or cytidine inhibited the incorporation of 14CINaHCO3 into uridine nucleotides by about 80%. The observed inhibition was demonstrated to be readily reversible upon transfer of the roots to a nucleoside-free medium. Experiments employing various radiolabeled precursors indicated that one or both of the first two enzymes in the orotate pathway are the only site(s) of regulation of physiological importance.
Most of our knowledge of pyrimidine biosynthesis has come from studies employing unicellular organisms and mammalian species. In these organisms, it has been established that pyrimidine nucleotides are synthesized de novo via the orotic acid pathway ( Fig. 1 ) (for comprehensive reviews see refs. 14 and 22) . Although less is known about pyrimidine metabolism in plants, available evidence indicates that the orotic acid pathway also serves as the de novo source of pyrimidine nucleotides in these organisms. The ability of higher plants to incorporate intermediates of the orotic acid pathway into pyrimidine nucleotides has been demonstrated previously (4, 16, (27) (28) (29) 31) , and the activities of one or another of the component enzymes in the pathway have been detected in cell-free extracts of a variety of plant species (2, 13, 15, 16, 18-20, 23, 25, 26, 29, 32, 35, 37) . Demonstration of the occurrence and ' This work was supported by National Science Foundation Grant PCM 76-20594. 2 The work presented here is also submitted in partial fulfillment of the requirements for the Ph.D. in Biological Sciences (Botany).
coordination of the activities of all of the component enzymes of the orotate pathway in a single tissue source is essential to assess the physiological importance of the pathway in providing pyrimidines for plant cells and is basic to investigations into regulation of the activity of the pathway in the intact cell.
Studies of pyrimidine biosynthesis were among the first to reveal the importance of end product inhibition as a regulatory mechanism governing the activity of a metabolic pathway. The work of Yates and Pardee (36), Gerhart and Pardee (8) , and Gerhart and Schachman (9) provided the early experimental data for what has become the classical model for feedback control, the inhibition of ACTase3 from Escherichia coli by cytidine triphosphate. Since the initiation of those studies, there have been numerous attempts to detect such a regulatory mechanism for controlling pyrimidine biosynthesis in a variety of microbial, plant, and animal species. Feedback inhibition of virtually all of the enzymes of the orotate pathway has been reported as a result of assays employing cell-free extracts. In plants, measurements employing cell-free extracts of a variety of species have provided evidence for end product inhibition of CPSase (23, 26) , ACTase (13, 20, 25, 37) , and the combined activities of OPRTase and ODCase (2, 35) . The operation of end product control over pyrimidine biosynthesis has not been demonstrated in the intact plant cell, a necessary step in assessing the physiological significance of the observations made with isolated enzymes or cell-free extracts. In addition, studies with intact cells might show which of these potential sites of end product inhibition is the site of primary physiological importance (6) (33) . When the incorporation of radiolabeled precursors into EUMP was to be determined, the uridine nucleotides were converted by acid hydrolysis to UMP by heating the acid-soluble supernatant fraction at 100 C for 1 h prior to neutralization with KOH. The neutralized hydrolysate was diluted with 2 parts of ethanol, and the uridine nucleotides synthesized from radiolabeled precursors were isolated as UMP by co-crystallization with carrier (6) . Metabolites isolated by co-crystallization with carrier were always recrystallized to a constant specific radioactivity. When [carboxyl-'4CJorotic acid was employed as the precursor, 0.3 ml of 20%'o KOH (w/v) was injected into the plastic center well at the initiation of the incubation period, and the 14CO2 generated during the incubation period was distilled into the KOH by terminating the reaction with acid and incubating the acidified reaction mixture for an additional 30 min at 31 C. The plastic center well and its contents were transferred to a scintillation vial and rinsed with 1.7 ml H20 to determine the content of radioisotope.
IDENTITY OF THE METABOLITE OF NAH4C03 THAT CO-CRYSTALLIZES WITH CARRIER UMP
The identity of the metabolite of NaH14CO3 that co-crystallized with carrier UMP was determined by descending paper chromatography employing isobutyric acid-0.5 N NH40H (pH 3.6) (10/6, v/v) (5) as the developing solvent. Marker UMP, run in parallel with the sample, was located with an UV light and the corresponding area from the chromatogram of the sample was eluted with 5 ml H20 to determine its content of UMP and radioisotope. The content of UMP was assessed by measuring the A at 260 nm of a 1:60 dilution in 0.01 N HC1.
IDENTITY OF THE METABOLITE OF NAH14CO3 THAT CO-CRYSTALLIZES WITH CARRIER OROTIC ACID
The metabolite of NaH14CO3 that co-crystallized with carrier orotate was identified by enzymic removal. The neutralized acidsoluble fraction obtained after incubation of the excised roots with NaH'4CO3 was freeze-dried, reconstituted in 6.5 ml of water, and divided into three aliquots of 2 ml each. The first aliquot was diluted with 0.8 ml of water, the second with an equal volume of water containing 3 units of the mixed enzymes OPRTase and ODCase (from yeast, 1 unit catalyzes the conversion of 1 ,umol of orotic acid to UMP per h at 25 C); and the third aliquot was diluted with an equal volume of water containing 3 units of the mixed enzymes and PRPP, 5.0 mm, a co-substrate in the conversion of orotic acid to UMP. After incubation for 4 h at 25 C, the reaction was terminated by transfer to a boiling water bath for 5 min. The precipitated protein was removed by centrifugation and the supernatant fluid was diluted to 25 ml with H20; 200 mg of carrier monosodium orotate was dissolved with heat and the orotate was allowed to crystallize as described above.
DETECTION OF THE ENZYMIC ACTIVITIES OF THE OROTATE PATHWAY IN CELL-FREE EXTRACTS
Enzymic activities were measured in cell-free extracts prepared from excised roots. The roots were homogenized with a Duall allglass conical tissue grinder (Kontes Glassware) in the specified homogenizing medium. The pH values of the various reagents employed in the enzyme assays were adjusted with HC1 or KOH to the pH of the buffer employed in each assay. All assays were based upon measurement of the incorporation of "4C-labeled precursor into product.
CPSase. The activity of CPSase was measured in the presence of excess ornithine and commercial ornithine carbamyltransferase to convert all of the carbamylphosphate synthesized by the plant enzyme to citrulline. The following conditions for the extraction and assay of the enzyme were based upon the procedures of Ong and Jackson (26) ,umol of citrulline/min at 37 C); 20 mm NaH'4CO3, (1,100 dpm/ nmol); and 0.5 ml of enzyme preparation. After 30-min incubation at 31 C, the reaction was terminated by the addition of 3 ml of ethanol-isopropyl alcohol (1:1, v/v), and the precipitated protein was removed by centrifugation. The [14Cicitrulline synthesized from NaHl'CO3 was isolated from the supematant fluid by cocrystallization with carrier citrulline. An aliquot -of 2.5 ml of H20 containing 250 mg of carrier citrulline was added to the supernatant fluid, followed by the addition of 6 ml ethanol-isopropyl alcohol (1:1, v/v). Any resulting precipitate was dissolved with heat, and the [''C]citrulline and carrier were allowed to co-crystallize as the solution cooled slowly to 4 C. The crystals were collected by suction filtration, washed with cold ethanol-isopropyl alcohol (1:1, v/v), and dried at 90 C to a constant weight. An aliquot of 10 mg was dissolved in 2 ml of H20 to determine the content of radioisotope. The citrulline was recrystallized to a constant specific radioactivity from H20-ethanol-isopropyl alcohol ( (20,umol added at the initiation of the incubation and again after 2 h). After (Table I) . It had been shown by others that 6-azauridine prevents the conversion of OMP to UMP in animal (11) and plant (28) tissues, with the consequent accumulation of orotic acid, orotidine, and OMP (29) . Additional evidence that pyrimidine nucleotide biosynthesis proceeds via the orotate pathway in C. pepo was provided by demonstration of the incorporation of radiolabeled intermediates of this pathway into orotic acid and MUMP. Roots excised from 2-day-old, dark-germinated squash seeds were found to utilize carbamylaspartate and orotic acid, as well as bicarbonate, as precursors of uridine nucleotides, and in each case the incorporation was inhibited by the addition of 6-azauridine (Table II) . Optimal conditions for precursor incorporation were determined for NaHCO3 only. Significance should not be attached to the variations in sensitivity of precursor incorporation to 6-azauridine. Such variations probably arise from differences in the rate of appearance of label in OMP relative to the rate of conversion of 6-azauridine to 6-azaUMP; it is the 6-azaUMP which inhibits OMP decarboxylase. The reliability of our procedure for the isolation of labeled UMP and orotic acid by co-crystallization with carrier was verified in separate experiments employing chromatographic and enzymic methods of analysis. The radiolabeled metabolite of NaH14CO3 isolated by co-crystallization with carrier UMP was shown to co-chromatograph with commercial UMP. In addition, (Table III) . This loss, and its dependency on PRPP, establishes the identity of the metabolite of NaH 4CO3 co-crystallizing with carrier orotate as [14Clorotic acid.
Evidence that the observed incorporation represents the activity of the orotate pathway in intact cells rather than a small population of ruptured cells was obtained by comparing the activity of excised roots with that of a cell-free extract prepared from the same amount of tissue; virtually no incorporation occurred with the cell-free extract.
Finally, evidence of the occurrence of the complete orotic acid pathway in C. pepo, obtained in the studies with intact cells described above, was corroborated by assays of the component enzymic activities in cell-free extracts. All assays were performed with cell-free extracts prepared from 2-day old, dark-germinated squash roots. Assay conditions were those reported to be optimal for these enzymes from other tissue sources; no attempts were made to-optimize the assay conditions for the enzymes of squash roots. The enzymic activity of carbamylphosphate synthetase (CPSase) was coupled with commercial ornithine carbamyltransferase (OCTase), added in excess. Assessment of the activity of CPSase by measuring the incorporation of NaH'4CO3 into acidstable product was unreliable because of the formation of radiolabeled acid-stable compounds other than citrulline; thus, ['4CJ-citrulline was isolated from the incubation mixture by co-crystallization with carrier (see under "Materials and Methods"). The reliability of our method for isolating citrulline from the reaction mixture was demonstrated by the isolation of virtually all of the radiolabel from chromatographically pure commercial [ureido-'4CJcitrulline from identical reaction mixtures. In addition, maximum formation of the ['4CJ '4C metabolite of NaH'4C03 which co-crystallized with carrier citrulline was dependent upon the inclusion of the cell-free extract, OCTase and ornithine, ornithine, glutamine, and ATP, in the reaction mixture (Table IV) nutrient solution. In experiments measuring incorporation into orotic acid, 6-azauridine was added at a reaction concentration of 0.5 mM; this concentration allowed maximal accumulation of orotic acid (Fig. 2) and also maximally inhibited generation of 14CO2 from [carboxy-'4C]orotic acid. The optimal concentration of NaH'4CO3 was about 10 mm (Fig. 3) . These optimal concentrations were used throughout. Neither the addition of 0.3 M glucose nor the substitution of Krebs Improved Ringer II solution (33) for Shive's nutrient solution stimulated incorporation of NaH"4CO3 into orotic acid. Preincubation of excised squash roots for 2 h at 31 C in Shive's solution significantly enhanced incorporation of NaH14CO3 into orotic acid during the subsequent incubation period. Inclusion of 6-azauridine during the preincubation period was without effect. Thus, all incorporation studies reported herein employed a 2-h preincubation period in Shive's solution alone, followed by a second incubation period of 3 h in fresh Shive's solution supplemented with labeled precursor and other components, as indicated.
The possibility that the observed incorporation reflected the activity of fungal or bacterial contamination of the seedlings is considered unlikely since no growth of microorganisms was detected after incubation of aliquots of excised roots in the dark for 24 h at 31 C on potato dextrose agar.
Having verified the reliability of our procedures for measuring pyrimidine biosynthesis in intact cells, and having established optimal conditions for measuring the incorporation of NaH14C03 into orotic acid, we proceeded to determine whether we could detect end product inhibition of pyrimidine biosynthesis in these cells.
Plant Physiol. Vol. 64, 1979 End Product Inhibition of the Orotate Pathway in Intact Ceils of Squash Roots. Addition of uridine or cytidine to the incubation mixture inhibited the incorporation of NaH'4CO3 into orotic acid and into LUMP. An extracellular concentration of only 0.5 mm was sufficient to produce the maximum inhibition (79-88%) of incorporation into orotic acid by either nucleoside (Fig. 4 and Table VI) .
Reversibility of the inhibition by uridine was tested by transferring roots incubated with uridine for 3 h to a uridine-free medium and measuring the incorporation of NaH'4CO3 into MUMP during a subsequent 3-h incubation period (Table VII) . The prolonged incubation time reduced the uninhibited rate of incorporation during the second 3-h incubation period to 51% of the rate observed during the first 3-h period. If uridine was included in the reaction mixture throughout the 6 h of incubation, the degree of inhibition during the second 3-h incubation period was essentially the same as that observed during the first 3 h (compare 51 declining to 10 with 100 declining to 20, respectively). Transfer of the roots to a uridine-free medium after the first 3-h incubation period restored over 80o of the de novo activity during the second incubation period (compare 43 with 51). Thus, the inhibition by uridine was readily reversible. These results demonstrate the operation of end product inhibition as a regulatory mechanism governing the activity of the orotate pathway in intact root cells. Although this regulatory mechanism was readily detected by the addition of uridine to the incubation mixture, data from studies by others leave little reason to doubt that the actual inhibitor is a pyrimidine nucleotide synthesized from uridine; evidence that squash roots are able to convert uridine to its nucleotides is given in Table IX [t4CJorotic acid, into L.UMP (Table VIII) . These results show end product inhibition to occur at one or both of the enzymic reactions leading to carbamylaspartate formation, and exclude the remaining enzymes of the pathway as additional sites of physiological significance in the regulation of pyrimidine biosynthesis by feedback control.
Consideration of Altemative Pathways for Pyrimidine Biosynthesis. Alternative pathways have been suggested for the synthesis of UMP from orotic acid in plants. In addition to the conversion of orotic acid to UMP via OMP (Fig. 1 ), Buchowicz and Reifer (4) have proposed the direct decarboxylation of orotic acid to uracil, followed by the incorporation of uracil into UMP through the salvage enzymes. Further studies in their laboratory provided evidence that the synthesis of UMP from orotic acid might also proceed through OMP, but indirectly, i.e. through the conversion of OMP to orotidine followed by decarboxylation of orotidine to uridine and salvage of uridine to UMP (34) . Lastly, Buchowicz and Lesniewsak (3) have reported results which they interpreted to indicate direct conversion of orotic acid to uridine by an unknown mechanism, thus offering a fourth route by which orotic acid might be converted to UMP in plants. We investigated the occurrence of these alternative pathways to ascertain their relative contribution, if any, to UMP synthesis in C. pepo.
We could not detect enzyme-catalyzed '4CO2 generation from [carboxyl-"4Clorotic acid in cell-free extracts unless PRPP was added to the reaction mixture, and pyrophosphate inhibited the PRPP-dependent "4CO2 generation (Table V) . These results are difficult to reconcile with a direct conversion of orotic acid to either uracil or uridine, while they are consistent with the reversible phosphoribosylation of orotic acid to OMP + PPi prior to decarboxylation. In studies employing intact cells of squash roots, neither uracil, uridine, nor orotidine diluted the incorporation of ring-labeled orotic acid into uridine nucleotides (Table IX) . The ability of intact cells of C. pepo roots to utilize uracil and uridine provided exogenously was verified by direct measurements of the incorporation of these radiolabeled pyrimidines into uridine nucleotides (Table IX) . The failure of either uracil or uridine to dilute the incorporation of ring-labeled orotic acid into uridine nucleotides is also contrary to their putative role as intermediates in UMP synthesis from orotic acid. The additional observation that orotidine is without influence on the incorporation of ringlabeled orotic acid into uridine nucleotides argues against the occurrence in squash roots of a pathway for the conversion of orotic acid to UMP via the sequential formation of OMP, oroti- dine, and uridine (Table IX) . Thus, we found no evidence of any of these alternative routes for UMP synthesis in C. pepo. Other workers have also been unable to detect evidence of these altemate routes of UMP synthesis from orotic acid in plants. Ross (29) showed that generation of "4CO2 from [carboxyl-'4C]orotic acid in bean leaf homogenates requires the addition of PRPP, and Ashihara (2) (29) obtained similar results in a system employing leaf discs of both bean and cocklebur. Given that 6-azauridine inhibits ODCase (11, 28) , the accumulation of these pyrimidine compounds argues that the activity of ODCase is necessary for UMP synthesis from orotic acid. These reports and our own data suggest that the alternative pathways proposed for the conversion of orotic acid to UMP are of insufficient activity or too limited distribution to contribute significantly toward the biosynthesis of pyrimidine nucleotides in plants in general.
DISCUSSION
Squash roots possess the full complement of enzymes for the de novo biosynthesis of uridine nucleotides. The occurrence of the complete orotate pathway was established by demonstrating the incorporation of several radiolabeled precursors, including NaH'4CO3, into both orotic acid and uridine nucleotides. In addition, the activities of the component enzymes of the pathway were detected in cell-free extracts.
The capacity of 2-day-old squash roots to synthesize pyrimidines de novo was assessed by measuring the activity of the orotate pathway in intact cells under optimal conditions; 144 ± 10 nmol (X ± SE, N = 15) NaH'4CO3 were incorporated into uridine nucleotides per g tissue during 3 h of incubation. By way of comparison, the activity of squash roots was about double that observed in slices of the rat spleen by the same assay procedure (6).
The inicorporation of NaH'4CO3 into orotic acid and uridine nucleotides was inhibited by the addition of uridine or cytidine to the incubation medium, and the inhibition by added uridine was readily reversible upon transfer of the roots to a uridine-free medium. These results demonstrate end product inhibition of pyrimidine biosynthesis de novo in the intact plant cell. In an attempt to localize the site of inhibition, the influence of uridine on the incorporation of sequential intermediates of the pathway into uridine nucleotides was measured. Uridine or one of its metabolites inhibited the incorporation of NaH'4C03, but not ['4C]carbamylaspartate or [14Clorotic acid, into uridine nucleoPlant Physiol. Vol. 64, 1979 tides. These results show regulation of pyrimidine biosynthesis by feedback inhibition to occur at one or both of the enzymic reactions leasing to synthesis of carbamylaspartate. However, we could not distinguish between regulation at CPSase and ACTase. Regulation at either enzyme would result in inhibition of the incorporation of NaH"4CO3 into BUMP. We attempted to detect feedback inhibition at ACTase in the intact cell by substituting 10 mM ['4CJcarbamylphosphate (5 , uCi) for NaH'4C03, but the incorporation of ['4C]carbamylphosphate into LUMP was too low to be considered reliable. The low incorporation of carbamylphosphate is most likely the result of its inability to penetrate the cell membrane. In addition, the incorporation observed was ambiguous because it could also have arisen from incorporation of 14CO2 generated by the spontaneous or enzyme-catalyzed (7, 10, 12) breakdown of ['4C]carbamylphosphate. We were unable to determine whether ACTase is a physiologically important regulatory site, but we can state with reasonable certainty that one or both of the first two reactions in the orotate pathway, those catalyzed by CPSase and ACTase, are the only reactions of physiological importance in the regulation of pyrimidine biosynthesis by end product inhibition in the intact cells of squash roots.
